Although a group IV direct bandgap material has not been demonstrated yet, silicon photonics using CMOS-compatible processes has made great progress through the development of Si-based waveguides 12 , photodetectors 13 Table I) Table I ) is smaller than k B T at room temperature.
Direct bandgap group IV materials may thus represent a pathway towards the monolithic integration of Si-photonic circuitry and CMOS technology.
Although a group IV direct bandgap material has not been demonstrated yet, silicon photonics using CMOS-compatible processes has made great progress through the development of Si-based waveguides 12 , photodetectors 13 and modulators 14 . The thus emerging technology is rapidly expanding the landscape of photonics applications towards tele-and data communication as well as sensing from the infrared to the mid infrared wavelength range [15] [16] [17] . Today's light sources of such systems are lasers made from direct bandgap group III-V materials operated off-or on-chip which requires fibre coupling or heterogeneous integration, for example by wafer bonding 3 , contact printing 4, 5 or direct growth 6, 7 , respectively. Hence, a laser source made of a direct bandgap group IV material would further boost lab-on-a-chip and trace gas sensing 15 respectively. However, pump-probe measurements of similarly doped and strained material did not show evidence for net gain 22 , and in spite of numerous attempts, researchers failed to substantiate above results up to today. Other investigated concepts concern the engineering of the Ge band structure towards a direct bandgap semiconductor using micromechanicallystressed Ge nanomembranes 9 or silicon nitride (Si 3 N 4 ) stressor layers 23 . Very recently, Süess et al. 10 presented a stressor-free technique which enables the introduction of more than 5.7 % 24 uniaxial tensile strain in Ge µ-bridges via selective wet under-etching of a pre-stressed
layer. An alternative technique in order to achieve direct bandgap material is to incorporate Sn atoms into a Ge lattice, which primarily reduces the gap at the -point. At a sufficiently high fraction of Sn, the energy of the -valley decreases below that of the L-valley. This indirect-to-direct transition for relaxed GeSn binaries has been predicted to occur at about 20 % Sn by Jenkins et al. 25 , but more recent calculations indicate much lower required Sn concentrations in the range of 6.5-11.0 % 26, 27 . A major challenge for the realization of such GeSn alloys is the low (< 1 %) equilibrium solubility of Sn in Ge 28 and the large lattice mismatch of about 15 % between Ge and -Sn. For GeSn grown on Ge substrates, this mismatch induces biaxial compressive strain causing a shift of the  and L-valley crossover towards higher Sn concentrations 27 . Hence, strategies were adopted to obtain partially and also fully relaxed GeSn layers on Si 29 Table I ) is smaller than k B T at room temperature.
According to the calculation, the -0.71 % strained sample D exhibits a fundamental direct bandgap with the -valley being 28 meV below the indirect L-valley. Sample E is a replica of sample D apart from the epilayer thickness that has been increased to improve the overlap between the optical mode and the gain material.
Cross sectional transmission electron microscopy (XTEM) micrographs ( including calculated effective masses and valence band parameters (Table S1 and S2 in SI).
The energy difference E between the -and L-valley is used as a fitting parameter together with the optically injected carrier density, n C (
, where n 0 represents the density of carriers at room temperature, (T) the temperature-dependent recombination time and  0 = (300 K). For the fit we assume (T) (i) to be identical for all samples, and (ii) to resemble that of the Shockley-Read-Hall (SRH) recombination process (see SI). An excellent fit of the T-dependence of the PL intensity is displayed in Fig. 2b . We also find that n 0 = 4×10 17 Fig. 3c ; a differential gain of (0.40 ± 0.04) cm/kW is obtained from the slope. By extrapolation to the gain onset, we obtain a threshold excitation density of approximately 325 kW/cm 2 .
By exciting over the full length of a 1 mm long WG and, hence, employing the multiple reflections feedback from the WG facets forming a Fabry-Perot cavity (c.f. inset of Fig. 4c ), an unambiguous proof of lasing can be seen in Figure 4a as a distinct threshold in output intensity. Once this threshold is exceeded, the FWHM decreases and the emission intensity increases dramatically, as displayed in Figure 4b . The laser intensity increase flattens at approx. 650 kW/cm 2 , which we attribute to sample heating. Shot-to-shot fluctuations of the excitation power are the reason that the lasing onset lies slightly below the gain onset as found from the variable stripe length measurement. Likewise, the modal gain as estimated from the reflection losses using  = 1/L · ln(1/R) with the reflectivity R appears at lower average excitation values according to Figure 3c . At 1000 kW/cm 2 peak excitation, lasing was observed up to 90 K (inset of Figure 4a ). This temperature coincides with the activation temperature for the SRH recombination (see SI Figure S4 ). Hence, we tentatively ascribe the threshold degradation as well as the still low external differential quantum efficiency of an estimated 1.5 % (see Fig. S6 , SI) to a reduced carrier lifetime due to as yet unidentified extrinsic recombination centres along with the small energy separation between -and Lvalleys and valence interband absorption 22 . The operating temperature and lasing efficiency can be improved by introducing heterostructure layers comprising GeSnSi/GeSn 31 for carrier confinement, and by n-doping 19 .
In Figure 4c , we present a final piece of evidence for lasing 11 by showing the Fabry-Perot oscillations observed in a 250 and 500 µm long WG structure, respectively. From the oscillation period, a group mode refractive index of 4.5 is deduced which reflects the dispersion of the refractive index in the pumped GeSn as well as in the Ge substrate 37 .
In summary, we present detailed PL studies performed on high quality, partially strainrelaxed GeSn layers with Sn concentrations of up to 12.6 % grown on Ge buffered Si (001) substrates. Structural investigations exhibit a low density of threading dislocations, homogenously distributed Sn atoms and mild compressive strain levels facilitated by a particularly favourable relaxation mechanism. The existence of a direct bandgap group IV semiconductor is shown that exhibits modal gain. Fabry-Perot resonators are fabricated, permitting the demonstration of lasing under optical pumping. Owing to the striking relation between the SRH recombinations and laser quenching at ~ 90 K, surface passivation and design optimization regarding doping, optical mode confinement and carrier injection will help to increase the operation temperature as well as decrease the threshold excitation density. In a forthcoming development, electrical injection in therefor optimized
SiGeSn/GeSn/SiGeSn double heterostructures 15,31 will be fabricated. In conclusion, although lasing is achieved at low temperatures and relatively high optical pumping, this demonstration of a direct bandgap group IV laser on Si(001) represents a promising proof-of-principle for a CMOS compatible gain material platform for cost-effective integration of electronic and photonic circuits.
Methods
GeSn layers were grown on thick Ge/Si virtual substrates employing an AIXTRON Tricent® reduced pressure CVD. Growth temperatures were chosen between 350 and 390°C, at rates between 17 and 49 nm/min.
The band structure around the  point was calculated by the 8 band k.p method including strain effects. Indirect conduction band valleys split with the applied strain, as described via appropriate deformation potentials. The parameters used are given in S.I. in Table S1 .
For PL spectroscopy, a continuous-wave solid-state laser emitting at a wavelength of 532 nm with a power of 2 mW was focused to a spot size of ≈ 5 µm using a 15× Schwarzschild objective (NA = 0.4). The emitted luminescence was collected by the same objective, spectrally analysed using a Fourier transform infrared spectrometer and detected using a 
